BT 2007, 'Impaired spine stability underlies plaque-related spine loss in an Alzheimer's disease mouse model',
Dendritic spines, the site of most excitatory synapses in the brain, are lost in Alzheimer's disease and in related mouse models, undoubtedly contributing to cognitive dysfunction. We hypothesized that spine loss results from plaque-associated alterations of spine stability, causing an imbalance in spine formation and elimination. To investigate effects of plaques on spine stability in vivo, we observed cortical neurons using multiphoton microscopy in a mouse model of amyloid pathology before and after extensive plaque deposition. We also observed age-matched nontransgenic mice to study normal effects of aging on spine plasticity. We found that spine density and structural plasticity are maintained during normal aging. Tg2576 mice had normal spine density and plasticity before plaques appeared, but after amyloid pathology is established, severe disruptions were observed. In control animals, spine formation and elimination were equivalent over 1 hour of observation (ϳ5% of observed spines), resulting in stable spine density. However, in aged Tg2576 mice spine elimination increased, specifically in the immediate vicinity of plaques. Spine formation was unchanged, resulting in spine loss. These data show a small population of rapidly changing spines in adult and even elderly mouse cortex; further, in the vicinity of amyloid plaques, spine stability is markedly impaired leading to loss of synaptic structural integrity. ( Dementia characteristic of Alzheimer's disease (AD) results from progressive pathology in vulnerable brain regions, including accumulation of senile plaques and neurofibrillary tangles and dramatic neuronal loss. 1, 2 This pathology destroys the complex neural circuits needed for cognition as remaining neurons lose connections from synaptic partners that have died, change shape to accommodate space-occupying lesions, and become dysfunctional in response to neurodegenerative processes. 3 The loss of synaptic structures is fundamental to this collapse of brain function because synapse loss is a strong correlate of cognitive decline in AD. 4 -6 The degree of synapse loss outstrips the amount of loss expected due to the death of neurons, indicating that networks of surviving neurons lose connectivity. 7 Dendritic spines, small protrusions from dendrites, form the postsynaptic element of the vast majority of cortical synapses and serve to compartmentalize postsynaptic signals. 8 Changes in spine morphology and density are postulated to be structural correlates of plasticity involved in higher cognitive functions such as learning and memory. 9 Actin-based motility of dendritic spines and their precursors play a role in synapse formation and activity-dependent plasticity during critical periods of development in sensory cortices. 10 -13 Although spines were once believed to remain stable after development, recent studies indicate that a small population of spines remains dynamic into adulthood. 14, 15 The effect of normal aging on dendritic spine plasticity remains unknown.
Dendritic spine loss is common in many neurodegenerative disorders. 16 In AD, synapses and spines are lost in the cortex and hippocampus. [17] [18] [19] From a biochemical and genetic perspective, accumulation of amyloid-␤ (A␤) seems to be the driving force behind disease progression 20 ; however, the relationship between A␤ and synapse loss remains unclear. Synapse and spine loss have been observed in several strains of transgenic mice that develop amyloid pathology, with the most pronounced loss near dense-cored amyloid plaques. [21] [22] [23] [24] Knowing that dendritic spines appear and disappear as part of normal structural plasticity in adult cortex, we postulated that disrupting the balance of formation and elimination by increased elimination near plaques, decreased formation near plaques, or a combination of both would result in the observed loss of spines. To investigate these possibilities, we observed the effects of plaques on spines in the living brain in the Tg2576 model. 25 We found that dendritic spine density and plasticity are maintained during normal aging, but in plaque-bearing Tg2576 mice, spines are lost near plaques due to an imbalance in the amount of spine formation and elimination.
Materials and Methods

Animals and Surgery
Tg2576 animals transgenic for human amyloid precursor protein containing the Swedish mutation 25 and nontransgenic littermate controls were used in two age groups: 8 to 10 months (n ϭ 4 Tg2576, 3 control) and 18 to 24 months (n ϭ 14 Tg2576, 7 control). For surgeries and imaging, mice were anesthetized with either avertin (1.3% 2,2,2-tribromoethanol and 0.8% tert-pentylalcohol, 250 mg/kg) or isoflurane (0.5 to 3% in O 2 ). All time-course imaging of spines was performed under isoflurane anesthesia. The gene for enhanced green fluorescent protein was introduced into primary somatosensory cortical neurons using an adeno-associated virus system as described previously. 24 After a 3-week incubation period to allow expression of green fluorescent protein (GFP) in neurons, methoxy X-O4 was injected (4 mg/kg i.p.; generously provided by Dr. William Klunk, University of Pittsburgh, Pittsburgh, PA) to label amyloid plaques. 26 The next day, a cranial window was installed as described previously. 24, [27] [28] [29] Texas Red dextran [70,000 molecular weight, 12.5 mg/ml in sterile phosphate-buffered saline (PBS); Molecular Probes, Eugene OR] was injected into a lateral tail vein to provide a fluorescent angiogram. All animal work was approved by institutional committees and conformed to National Institutes of Health guidelines.
Multiphoton Imaging and Image Analysis
Anesthetized animals with a cranial window were placed in a specialized stage on a Bio-Rad 1024ES multiphoton microscope (Bio-Rad, Hercules, CA) mounted on an Olympus Optical BX50WI upright microscope (Olympus, Tokyo, Japan). An Olympus 20ϫ dipping objective with 0.95 numerical aperture was used to collect images. A mode-locked titanium-sapphire laser (Maitai; Spectra Physics, Fremont, CA) generated 800-nm excitation, and three photomultiplier tubes (Hamamatsu, Ichinocho, Japan) collected emitted light in the following ranges: 380 to 480 nm, 500 to 540 nm, and 560 to 650 nm. To avoid photodamage, the lowest laser power that could discern all spines was used. Each dendrite observed (n ϭ 340) was imaged at an initial time point using a 5ϫ or 6ϫ optical zoom for a final magnification of ϫ100 or ϫ120. A z-stack of images was acquired with an interslice interval of 0.5 m. A subset of dendrites (n ϭ 117) was reimaged under the same conditions 1 hour later. Some dendrites were also imaged every minute for 10 minutes to follow rapid spine changes.
To correct for artifacts introduced by breathing and heartbeat, image stacks from the multiphoton microscope were aligned and deconvolved using Autodeblur software (AutoQuant, Watervliet, NY). Folders were coded to blind the observer, and dendrites were analyzed in green channel images. Dendrites that could be followed for more than 20 m and had more than three spines were defined as spiny and analyzed using Image J (free software from the National Institutes of Health, Bethesda, MD). On a projection of the z-sections through the dendrite segment of interest, the outlines of the segment were traced using the three-dimensional stack as a reference to determine which structures were spines. Each spine (n ϭ 2008) was labeled and assigned a morphological classification (mushroom, thin, or stubby) as described previously, 24, 30 and the length was measured from the tip to the dendritic shaft. On merged three-channel images, the distance from each spine to the nearest plaque edge (if present) was measured. Spines that were followed for 1 hour (n ϭ 962) were also assigned a classification of stable, formed, or eliminated. A stable spine was present at both time points, eliminated was present at the first but not second time point, and formed was present in the second but not first time point. Dendrite segments were measured and linear dendritic spine density (spines/micron) calculated. The distance from each edge and the middle of the segment to the nearest plaque (if present) was measured and the average recorded as the segment's distance from a plaque.
The proportion of aspiny processes was estimated by sampling neurites on two-dimensional projections of multiphoton image stacks (green channel only). A template of horizontal lines every 25 m was overlaid on each image, and processes that crossed any line were assigned as spiny if at least three spines could be identified and aspiny if not.
Immunochemistry
After in vivo experiments, animals were anesthetized with an overdose of avertin (400 mg/kg) and perfused transcardially with PBS followed by fixative (4% paraformaldehyde in PBS with 15% glycerol). Brains were stored in fixative at 4°C and then 50-m sections cut on a freezing microtome. Sections were washed in PBS, blocked for 1 hour in 10% normal donkey serum, and then incubated overnight at room temperature in primary antibody (anti-RhoA, 1:50, sc-418; Santa Cruz Biotechnology, Inc., Santa Cruz, CA; and anti-N-methyl-D-aspartate (NMDA) NR2A subunit, 1:100, AB1555P; Chemicon, Billerica, MA). Sections were then washed with PBS, preincubated for 15 minutes with 2% normal donkey serum, and incubated in secondary antibody for 90 minutes (anti-mouse Alexa 488, 1:200, and anti-rabbit Cy3, 1:200; Molecular Probes, Invitrogen, Carlsbad, CA). Sections were washed in PBS and then counterstained with Thioflavin S (0.05% in 50% ethanol) for 5 minutes.
Confocal images were acquired on a Zeiss LSM 510 confocal/multiphoton microscope (Carl Zeiss GmbH, Jena, Germany). Multitrack image scanning with 488 and 543 lasers separately were acquired to prevent any bleed through from one channel to the other.
Statistics
Spine density data are reported as mean of data from dendrite segments in each group Ϯ SD of the mean. Means were compared using analysis of variance analysis with genotype as an independent variable split by age. Data from 18-to 24-month-old Tg2576 animals were further analyzed by analysis of variance split by plaque distance category (Ͻ50 or Ͼ50 m). Post hoc Bonferroni-Dunn tests from these analyses of variance were used to compare individual groups. Normality of spine density data was confirmed with a Kolmogorov-Smirnov test. In the case of nonparametric data (proportions of aspiny processes, percent formation and elimination on dendrite segments, and percentage of spines with each morphology), contingency table analysis was used and 2 P values reported. For analyzing spine formation and elimination, each dendrite analyzed was grouped by whether the percent elimination (and separately formation) of spines was above or below the upper quartile of the distribution. Contingency table analysis was then used to compare control and transgenic dendrites.
Results
A viral-mediated gene transfer technique was used as described previously to fill a subset of neurons in somatosensory cortex of Tg2576 amyloid mice and nontransgenic control animals with GFP. 24 In vivo multiphoton microscopy was used to observe neurites filled with green fluorescent protein, plaques labeled with methoxy-XO4 (by i.p. injection) 26 and blood vessels labeled by i.v. injection of Texas Red dextran (70,000 molecular weight) ( Figure 1 , A-C). To assess the effects of both plaque deposition and aging on dendritic spine density and plasticity, two age groups were examined: adult (8 to 10 months old) and aged (18 to 24 months old). In nontransgenic cortex, dendritic spine density was unchanged between the adult and aged groups ( Figure 1D ), indicating that spines are not lost with normal aging in this brain region. In 8-to 10-month-old Tg2576 mice, very few dense plaques have developed in the cortex (only three observed in all 8-to 10-month-old mice compared with hundreds in each 18-to 24-month-old mouse). At this age, there was no significant loss of spine density compared with age-matched nontransgenic controls. However at 18 to 24 months, when amyloid pathology is prevalent, there was a 21% loss of spines on spiny dendrites ( Figure 1D ).
To assess whether some spiny dendrites have lost all of their spines (and therefore would be excluded from the set of spiny dendrites analyzed for spine density), we used a stereological sampling method on images to count spiny and aspiny processes. In both adult and aged Tg2576 cortex, there was an increase in the proportion of aspiny processes compared with controls ( Figure 1E ). This was pronounced in aged Tg2576 cortex (increasing from 10% in control to 25% in Tg2576) and dramatically more so near plaques (40% aspiny processes within 50 m of a plaque edge). Because the analysis of aspiny processes indicates that many once spiny dendrites have been denuded in Tg2576 cortex, the spine density measurements are a substantial underestimate of the true amount of spine loss in these mice. Estimating spine density, taking into account the number of naked dendrites expected from aspiny process counts, reveals a loss of 23% in Tg2576 cortex distant from plaques, exacerbated to 46% loss within 50 m of a plaque edge ( Figure 1F ). Because any dendritic segments that lost spines and ultimately degenerated would not be accounted for, even this may be an underestimate.
To investigate the causes of this dramatic spine loss, dendrite segments were followed over 1 hour and the spines analyzed. Spine changes can be remarkably rapid. When imaged every minute over 10 minutes, we occasionally observed spine changes occurring on the order of minutes as has been previously reported in developing cortex 12 (Figure 2 ), suggesting that at least a subpopulation of spines is rapidly formed and eliminated in mature neocortex. Tg2576 and control mice were imaged and reimaged 1 hour later to evaluate rapid spine plasticity (Figure 3 ). Each spine followed over 1 hour (n ϭ 962) was classified as stable if it was present at both time points, eliminated if it disappeared at the second time point, and formed if it was present in the second but not first time point. In control cortex, approximately 5% of the total observed spines formed over 1 hour, and 5% were eliminated, resulting in no net change of spine density. This large average amount of turnover was surprising in aged cortex over a relatively short period of time. To ensure the validity of the measurements, two control animals were analyzed using a different anesthetic (avertin). One of these was injected with GFP-adeno-associated virus as reported here and the other with fluorescent dextrans (Alexa 488 3000 molecular weight). Both of these controls had similar amounts of turnover in an hour as the animals reported in this study, suggesting that the observed dynamics are not artifacts due to anesthetic or staining method.
The proportions of spine formation and elimination were unchanged with age in the control animals, indicating maintenance of structural plasticity with normal aging. In 8-to 10-month-old Tg2576 animals, there was no change in spine formation or elimination, in accord with the unchanged spine density at this age. In 18-to 24-month-old Tg2576 cortex, however, spine elimination was increased in 1 hour on dendrites near plaques (Figure 4) . Because formation and elimination data were not normally distributed, a nonparametric analysis was performed. Dendrite segments followed over 1 hour were grouped by whether they had more or less than the upper quartile values of formation or elimination seen in control animals of the same ages (control median, 0% formation and 0% elimination at both ages; upper quartiles: 8 to 10 months, 11.1% formation and 9.1% elimination; 18 to 24 months, 9.8% formation and 14.3% elimination). Elimination near plaques in 18-to 24-month-old animals was significantly increased compared with control animals (contingency table 2 P ϭ Vasculature is labeled with Texas Red. Aspiny processes are more often associated with plaques (blue). D: Spiny dendrites in nontransgenic animals have 0.284 Ϯ 0.123 spines/m at 8 to 10 months of age and 0.296 Ϯ 0.111 spines/m at 18 to 24 months, showing maintenance of spine density with normal aging. In Tg2576 mice, there is no significant loss of spines at 8 to 10 months, before amyloid deposits are common in the cortex. At 18 to 24 months, dendritic spine density is significantly lower within 50 m of plaques (Tg2576 Ͻ 50) and distant from plaques (Tg2576 Ͼ 50). E: At 8 to 10 months in Tg2576 cortex, there are already more aspiny neurites present than in control animals. At 18 to 24 months, the proportion of aspiny neurons is increased with a more pronounced effect near plaques, indicating that many previously spiny dendrites have been stripped of spines. F: Because only spiny processes were used to determine spine density, the loss of spine density in (D) is probably an underestimate. Taking into account the proportion of neurites that have lost their spines, spine loss is even more pronounced in Tg2576 cortex (see Results for discussion). *P Ͻ 0.05. Bonferroni-Dunn post hoc tests; # P Ͻ 0.05. 2 P values from contingency analysis. Data are presented as mean Ϯ SD. Scale bar ϭ 10 m. 0.01). This high rate of elimination without a compensatory increase in formation results in observed spine loss at this age. In fact, near plaques, almost no new spines were observed, suggesting either that spine formation was completely inhibited or that new spines were quite unstable and collapsed before the second imaging session.
As observed previously, the morphology of dendritic spines is not altered in Tg2576 cortex compared with control animals with approximately 25% mushroomshaped spines, 55% thin spines, and 20% stubby spines. 24 We also examined the morphology of the small subset of spines that are formed or eliminated to determine whether different types of spines are dynamic in Tg2576 cortex. In control animals, the vast majority of spines that were formed or eliminated were thin (ϳ80%). This concurs with other studies showing that transient spines are thin. 14, 15 In Tg2576 cortex, even at 8 to 10 months of age, this begins to be disrupted ( 2 P ϭ 0.0351 Tg2576 versus control), only 31% of eliminated spines are thin. The change in morphology of dynamic spines is more dramatic at 18 to 24 months ( 2 P Ͻ 0.0001), particularly near plaques. Instead of having thin morphology, more dynamic spines are stubby in these mice (Table 1) . When divided by morphological classification, the numbers of dynamic spines are small, but nonetheless, the change in the morphological class of spines that change over time is interesting because spine morphology affects the postsynaptic integration of signal. 31 To investigate the role of changes in regulation of actin cytoskeleton near plaques, we examined the interaction of RhoA and the NR2A subunit of the NMDA receptor, because dissociation of RhoA from ionotropic glutamate receptors leads to spine collapse in vitro. 32 We found that in sections from Tg2576 mice with plaque pathology, RhoA and NR2A colocalize in dendritic spines both near and far from plaques (Supplemental Figure 1 ; see http:// ajp.amjpathol.org), thus implying that changes in RhoA activity are not responsible for actin depolymerization and spine collapse near plaques.
Together, these results show a profound disruption in structural plasticity of spines associated with plaque pathology in the intact mammalian brain. The disrupted ratio of spine formation to elimination accounts for the spine density loss and increased percentage of aspiny neurites observed in Tg2576 cortex.
Discussion
Based on the intriguing loss of spines, particularly near plaques, in the Tg2576 mouse model of amyloid pathology, 24 we have investigated the structural plasticity of dendritic spines to determine the causes of spine loss. In the healthy brain, spine plasticity is a normal part of neuronal function. During development, an initial overproduction of spines occurs followed by activity-dependent pruning as circuits develop. 12, 13 These young spines are dynamic, with changes occurring on the scale of tens of minutes in barrel cortex. 12 In young adult mice (up to 3 months of age), approximately 20% of spines are eliminated in 1 day, balanced by the formation of new spines (implying a transient population of 40%), whereas 60% of spines persist for more than 8 days, indicating a large proportion of very stable spines. 15 In more mature mice (6 months old), the proportion of transient spines decreases to 20%, whereas 80% remain stable long-term. 14 Few studies have been done looking at spine changes in the aging mammalian brain. Age-associated spine changes vary by brain region. For example a decrease in spine density in subiculum has been reported in aging primates but other hippocampal areas maintain spine density in rodents. 33 In one study of dendrites observed 18 months apart in mouse barrel cortex, 74% of spines were found to be stable over the entire 18 months, 19% formed, and 26% were eliminated. 34 To our knowledge, ours is the first study of rapid spine plasticity in the aging brain. We observed no change in spine density or dynamics with normal aging, indicating maintenance of plasticity with normal aging.
Dendritic spine loss is common in several neurodegenerative diseases, and in AD the loss of synaptic apparatus seems particularly important because of the strong correlation between synapse loss and cognitive decline. Several studies in different mouse models of amyloid pathology have shown spine loss. [21] [22] [23] [24] We found that spine density is decreased from control levels in plaquebearing cortex, with a more dramatic loss near plaques, and that this is due to a disruption in the balance of spine formation and elimination. These effects were not present before amyloid deposition into plaques. It is important to note that this suggests that no major change in spine number occurred at this early age, despite evidence of oligomeric A␤-induced changes in cognitive function 35 and of A␤-induced changes in PSD-95-positive puncta in primary neurons from APP-transgenic mice in culture. 36 Loss of dendritic spines in the dentate gyrus of Tg2576 mice, even before plaque deposition, correlated with loss of long-term potentiation and behavioral deficits in a study by Jacobsen et al, 37 suggesting that spine loss has functional implications in these mice and that soluble amyloid contributes to spine loss. Our results suggest that in cortex, plaques may act as a source of soluble A␤ that induces local spine loss.
Our data show an impairment of spine stability in plaque-bearing Tg2576 cortex, which may partially explain functional synaptic integration deficits observed in this model. 38 This result may also have implications for the inability of Alzheimer's patients to remember new information because spine plasticity is implicated in learning and memory. 8 Being such plastic structures even in the adult brain, dendritic spines are also an Figure 4 . Dendritic spine stability is decreased in aged Tg2576 cortex. Histograms showing the spine plasticity of each spiny dendrite segment separately reveal that in 8-to 10-month-old animals, before substantial plaque deposition, there was no difference in the percentage of spines eliminated (A) or formed (B) over 1 hour between control and Tg2576 animals (upper quartile value marked with a dotted line, median control value 0%). In control animals, most dendrite segments have completely stable spines; ie, there is no formation or elimination. This is also the case in 8-to 10-month-old Tg2576 animals, but in aged animals with a significant plaque burden, there is a significant increase in spine elimination near plaques, with a larger proportion of dendrites undergoing more elimination than the upper quartile of the distribution (C, circled points, 2 P ϭ 0.01 contingency table analysis). In particular, over 90% of dendrites within 50 m of a plaque undergo some spine elimination (median 14.3% elimination). Spine formation (D) remains normal (median 0% in control and Tg2576 near plaque, 2 P ϭ 0.6), indicating impairment of spine stability in aged Tg2576 cortex. interesting therapeutic target with the potential to recover after treatment. Why do amyloid plaques disrupt spine dynamics? Dense plaques are space-occupying lesions in the brain that perturb the trajectories of neurites and induce dystrophic morphology of neurites in contact with them. 3,39 -42 These space-occupying changes undoubtedly contribute to loss of spines that come into very close proximity to plaques; however, our observed effects of plaques on spine density and plasticity extend beyond the immediate vicinity, implying that a toxic environment near plaques contributes to spine changes. We propose that plaques act as a source of diffusible oligomeric A␤, which has been shown to target synapses in cultured neurons 43 and disrupt cognition when injected into the brain in vivo. 35 Recent work in cultured neurons strongly suggests that exposure of neurons to A␤ causes endocytosis of glutamate receptors from the postsynaptic density in dendritic spines, which ultimately may destabilize the spines. 44, 45 Involvement of A␤ in synaptotoxic processes is further supported by a study showing that clearing A␤ using passive or active immunotherapy prevents synapse loss in transgenic mice. 46 Although A␤ may be the most parsimonious explanation, other plaqueassociated molecules may potentially be involved in synaptotoxicity. For example, the immediate vicinity of plaques also contains reactive oxygen species, 47 activated astrocytes and microglia, 48 and multiple potentially bioactive compounds including Apolipoprotein E 49 and the axonal sprouting pathway molecules Nogo and the Nogo receptor. 50 Actin cytoskeleton rearrangements underlie morphological plasticity of dendritic spines 11 ; thus, changes in actin regulatory systems are a key target for examining effects of plaques on dendritic spines. Recent work indicates that actin polymerization and depolymerization by small regulatory proteins controls activity-dependent regulation of spine morphology. In particular, Rho family GTPases including RhoA are thought to regulate spine dynamics downstream of neurotransmitter activation of postsynaptic receptors. 51 In cultured neurons, RhoA is active when bound to ionotropic glutamate receptors (NMDA receptor NR2A subunit and GluR1) at the postsynaptic density, and detachment from these receptors leads to actin depolymerization and spine collapse. 32 We did not observe any changes in RhoA and NR2A colocalization, arguing against this pathway as the critical mediator of spine stability near plaques.
On a technical note, recent work suggests that measurements of spine turnover by two-photon microscopy in layer I of neocortex are influenced by use of a "thin skull" preparation or a cortical window, with the latter associated with increased turnover. 52 Several important differences between this study and the observations of Xu et al 52 should be noted: we examine dendritic spines in layers II and II of cortex, further from possible disrupting influences due to skull manipulation (thin skull preparations allow primarily layer I visualization). Second, our data compare spine turnover on dendrites within 50 m of a plaque to dendrites within the same animal and within the same field of view that are more than 50 m from a plaque as well as to dendrites from control animals. Any technical issues associated with surgery and imaging would be equally applicable to the entire visualized field. Third, loss of spines in AD mouse models has been observed both in in vivo studies 23, 24 as well as in postmortem analyses. 21, 22 Thus we do not think that the relative differences in spine turnover seen near a plaque compared with 50 m from plaques are likely explained by a methodological issue.
In summary, these results show amyloid-induced alterations in structural plasticity of dendritic spines, which lead to spine loss. In control animals, spine dynamics were preserved with age, and dynamic spines were usually thin. In the Tg2576 cortex after plaque formation, spine formation continued at a normal pace, but spine stability was decreased, resulting in enhanced elimination. Furthermore, the morphology of dynamic spines changed from mainly thin to favor stubby spines, which may contribute to changes in neuronal function. 31 These data support the idea that altered structural plasticity contributes to neuronal dysfunction in AD.
